[1] Fundamental and overtone vibrational absorptions of H 2 O and OH À observed in reflectance spectra in the 1.3-5.0 mm wavelength region may be used to estimate the absolute or relative amount of water in particulate materials. Laboratory reflectance spectra of five hydrated materials (sodium and magnesium montmorillonite, sulfate, zeolite, and palagonite) with initial water contents ranging from 6 to 20 wt % were measured under decreased relative humidity and heated conditions to control their absolute water content. Relationships between absolute water content and water-related absorptions were quantified using common band parameters (e.g., band depth and mean optical path length). Parameters calculated using fundamental O-H stretching absorptions within the 3 mm region show trends with water content that are consistent among the samples, whereas those calculated using combination O-H stretch and H-O-H bend absorptions in the 1.9 mm region do not. There appears to be no correlation between water absorptions near 1.9 mm and absolute water content that is independent of composition or between these absorptions and their counterparts near $2.9-3.1 mm. Combination overtone absorptions near 1.9 mm therefore are not expected to be reliable estimators of water content for mixtures of minerals. A parameter we call normalized optical path length (NOPL) exhibits a strong exponential correlation to absolute water content for the 3 mm region. On the basis of our current laboratory data, the NOPL parameter can be used to estimate H 2 O content within ±1 wt % or better over a wide range of water contents for the five materials examined. In addition to estimating the water content of laboratory samples, these methods can also be used to map the hydration state of planetary surfaces using high-resolution visible-near-infrared spacecraft data.
Introduction
[2] Direct evidence for the presence of water on Mars comes from several sources. These include telescopic observations of near-infrared water absorptions [Beer et al., 1971; Bell and Crisp, 1993; Houck et al., 1973; Noe Dobrea et al., 2003; Sinton, 1967] , measurements of H 2 O content of the soil by the Viking landers' gas chromatograph mass spectrometer (GCMS) [Anderson and Tice, 1979; Biemann et al., 1977] , seasonal changes in the atmospheric water column detected by the Viking Mars Atmospheric Water Detector (MAWD) [Farmer et al., 1977; Jakosky and Farmer, 1982] , observations of the 3 mm water absorption in Mariner 6 [Calvin, 1997; Pimentel et al., 1974] infrared and Phobos 2 Imaging Spectrometer for Mars (ISM) [Bibring et al., 1989; Murchie et al., 1993; Erard and Calvin, 1997; Murchie et al., 2000] data (Figure 1) , presence of the 6 mm water absorption in Thermal Emission Spectrometer (TES) observations [Kuzmin et al., 2004] , the presence of hydrated minerals in the SNC meteorites [Bridges et al., 2001; Gooding, 1992] , H + abundance as measured by the Mars Odyssey GRS instruments [Boynton et al., 2002; Feldman et al., 2002; Mitrofanov et al., 2002] , and the detection of hydrated minerals (sulfates and clays) by the Mars Exploration Rovers Klingelhofer et al., 2004; Squyres et al., 2004] and the Mars Express Observatoire pour la Minéralogie, l'Eau, les Glaces et l'Activité (OMEGA) spectrometer Gendrin et al., 2005; Langevin et al., 2005] .
[3] Spectral features attributed to hydration have also been observed in meteorites [Hiroi et al., 1996; Miyamoto and Zolensky, 1994] from laboratory spectra as well as in asteroids from telescopic data [Jones et al., 1990; Rivkin et al., 2003] . Current and upcoming missions, including the European Space Agency's (ESA) Mars Express and NASA's Mars Reconnaissance Orbiter (MRO), will utilize visible-near-infrared (VIS-NIR) spectrometers (OMEGA and CRISM, respectively) [Bibring et al., 2004; Murchie et al., 2003 ] to retrieve global coverage high spatial and spectral resolution reflectance data of the surface of Mars, whereas other missions will observe the Moon and nearby asteroids (M 3 on Chandraayan-1 and the Dawn mission to Ceres and Vesta, respectively; M 3 information is available at http://aviris.jpl.nasa.gov/html/m3.html) [Russell et al., 2004] . Spectrometers onboard these missions will cover a wavelength region that includes fundamental and overtone H 2 O and OH À absorptions (the 1.4, 1.9, and 3 mm regions).
[4] The wide range of current and upcoming Mars missions will provide a wealth of information for understanding the spatial variation of water content and form in the Martian surface on multiple horizontal and vertical scales. Radar data have already been interpreted to indicate the presence of water on the Moon and Mercury [Feldman et al., 1998; Harmon et al., 2001] . Similarly, radar systems such as MARSIS on Mars Express [Picardi et al., 2004] and SHARAD on the Mars Reconnaissance Observer (MRO) (http://www.sharad.org/main.php) will search for H 2 O (ice and/or liquid) at kilometer-scale depths on Mars. Current data from the Mars Odyssey Gamma Ray Spectrometer (GRS) place constraints on H + abundance in the upper $1-2 m of the Martian surface [Boynton et al., 2002; Feldman et al., 2002; Mitrofanov et al., 2002] , whereas the OMEGA and CRISM spectrometers can be used to estimate the water content in the uppermost fraction ($100 mm) of the surface. These data sets may be used to constrain as well as complement each other. The spatial resolution of GRS data, for instance, is only on the order of 300 km and the data contain no information in regard to the form of the measured H + (water ice, hydrated minerals, etc.), leading to multiple interpretations. Furthermore, GRS estimates of water equivalent hydrogen are based on models that require an estimate of the water content of a ''dry'' upper layer as input , a value commonly based on soil water content as measured by the Viking landers. The Viking GCMS soil measurements detected an estimated 1 -2 wt % H 2 O [Anderson and Tice, 1979; Biemann et al., 1977] , but the samples were only heated to 500°C in rapid time steps. This heating may not have released all bound and structural water and the instruments were specifically designed to let water pass quickly through the system, which some have argued places potentially no constraints on the absolute weight percent and form (adsorbed, bound, or structural) of the water [Arvidson et al., 1989; Yen et al., 1998] . A method of estimating water content of the near surface to better than 1 -2 wt % is needed to further constrain the GRS estimates of water and ice content. OMEGA and CRISM, both capable of distinguishing hydrated minerals and surface ice at high spatial and spectral resolution, can provide this link. Models relating spectral hydration features to absolute water content will provide an independent estimate of surface hydration on Mars, which in turn can be used as inputs to the GRS models. Repeat OMEGA and CRISM observations of Mars will also make it possible to characterize the interaction of water in the regolith-atmosphere system and variations in surface frost cover over seasonal timescales.
[5] Data from these and other missions, in conjunction with controlled laboratory experiments and models based in light scattering theory, may be used to quantify the absolute or relative amount and forms of water in the near surface of planetary bodies. To meet these goals, laboratory work is needed to create reliable models relating spectral hydration features to absolute water abundance. Here we examine laboratory near-infrared and midinfrared (NIR-MIR) spectra of several hydrated minerals under varying hydration states. We compare commonly used band parameters to the water content of each sample to find a reliable method for estimating the absolute water content of hydrated minerals using NIR-MIR data. Ideally, we seek a relationship that is independent of composition and is capable of detecting water contents or changes in water content of <1 wt %. These laboratory-derived models will be applicable to both high spectral resolution spacecraft data as well as laboratory reflectance spectra.
Background
[6] Previous studies have examined the NIR water absorptions observed in telescopic reflectance data [Beer et al., 1971; Houck et al., 1973; Sinton, 1967] Mariner infrared spectrometer data [Calvin, 1997; Pimentel et al., 1974] , and ISM data [Bibring et al., 1989; Murchie et al., 1993 Murchie et al., , 2000 Titov et al., 1995; Yen et al., 1998 ] for Mars, but have placed minimal constraints on the nature and absolute amount of water represented by the absorptions. Laboratory studies have used reflectance data to show correlations between water absorption strength (and shape) and grain size [Cooper and Mustard, 1999] , H + abundance in meteorites [Miyamoto and Zolensky, 1994] , interlayer cations in clays [Bishop et al., 1994 Madejová, 2003; Xu et al., 2000] , and amount of adsorbed water [Yen et al., 1998 ], but placed inadequate constraints on the absolute amount of water in the measured materials for application to most planetary surfaces. Erard and Calvin, 1997] . The strong 3 mm band has been attributed to the presence of hydrated phases on the Martian surface and is also observed in all Mars Express OMEGA spectra .
[7] Bishop et al. [1994] used laboratory reflectance measurements to determine how different interlayer cation species in montmorillonite would affect hydration by identifying the vibrational absorptions (stretch, bend, combination overtones, etc.) and corresponding form of water (adsorbed, bound, or structural) . It was demonstrated that total water content varies with the interlayer cation and that interlayer water is lost as pressure and temperature decrease to Mars-like conditions , but no attempt was made to quantify changes in absorption features as a function of absolute water content. Yen et al. [1998] used laboratory spectra of hydrous and anhydrous mineral mixtures of known water contents to determine a relationship between apparent absorbance and adsorbed water content. They used this relationship with ISM (Phobos 2) data and estimated the water content of the Martian surface to be on the order of 4 wt %. This pioneering work showed that it was possible to estimate water contents from NIR reflectance spectra, but the uncertainties in the model were as much as 2 -3 wt % depending on the composition of the hydrated material. These uncertainties are as large as the total water content of the Martian soil as measured by the Viking landers and are too large to track seasonal changes in the regolith water content, which are likely much smaller. Miyamoto and Zolensky [1994] showed that integrating the 3 mm water absorption could be linearly related to the H + content of carbonaceous chondrites. Other methods used to estimate water content directly from reflectance spectra include Gaussian modeling [Whiting et al., 2004] , band depth [Rivkin et al., 2003] , dividing spectra of hydrated materials by spectra of dehydrated materials [Weidong et al., 2002] , and integrated band area [Calvin, 1997] .
[8] If it is possible to find a robust relationship between these simple band parameters and absolute water content that is independent of composition, spectral data from current and upcoming missions can be used to estimate the surface hydration of Mars and other planetary bodies. The 3 mm water band, for instance, is present in all OMEGA observations to date and many areas show a pronounced 1.9 mm band Gendrin et al., 2005; Langevin et al., 2005] , proving that understanding how these absorptions change as a function of water content will provide a useful tool for mapping the surface hydration of Mars. The 6 mm (fundamental H 2 O bend) absorption has also been observed on Mars from TES [Kuzmin et al., 2004] and Mini-TES data. Future work that examines this absorption could provide an independent estimate of water content. Here, we compare commonly used spectral parameters (including band depth, integrated band depth, and others) to measured water contents for several minerals to characterize the effects of hydration and dehydration on NIR-MIR reflectance spectra. We examine several of the key water absorptions in the 1 -5 mm region, including the fundamental symmetric (n 1 ) and asymmetric (n 3 ) H 2 O stretches near 2.8-2.9 mm, the first overtone of the H 2 O bend (2n 2 ) at $3.1 mm, and the combination bend plus stretch absorptions at $1.91 and $1.95 mm (n + n 2 ). The fundamental H 2 O bend (n 2 ) near $6 mm and bend plus stretch overtone near $1.45 mm (n + 2n 2 ) were also within the measured wavelength region but are not discussed in detail here.
These band assignments and other water band assignments for minerals have been discussed thoroughly by Russell and Farmer [1964] , Farmer [1974] , Clark et al. [1990] , Post and Noble [1993] , Bishop et al. [1994] , and Madejová and Komadel [2001] , among others.
3. Methods 3.1. Laboratory Measurements 3.1.1. Samples
[9] Five materials were used for this study, including a Na-Ca montmorillonite (SWy-1 source clay from the Clay Minerals Society) [Moll, 2001] , an Mg-exchanged montmorillonite (originally SWy-1, provided by Janice Bishop at NASA Ames) [Bishop et al., 1994] , a zeolite (clinoptilolite, provided by David Bish, Indiana University), a palagonite collected in Hawaii (Hawaiian Mauna Kea (HWMK-101), provided by Richard Morris, Johnson Space Center) [Morris et al., 2001] , and a reagent-grade MgSO 4 (labeled anhydrous, but is partially hydrated; will therefore be referred to as MgSO 4 ÁnH 2 O). The zeolite and palagonite were sieved to <45 mm for these experiments. Because of their small particle size and tendency to aggregate, the two clays and MgSO 4 ÁnH 2 O were measured as bulk powders. Cooper and Mustard [1999] showed that clay spectra were more representative of the aggregate sizes rather than the actual particle size. An attempt to sieve the two clays showed that the average aggregate size was between 25 and 75 mm, similar to the size fraction used for the zeolite and palagonite. The reagent-grade magnesium sulfate was a very fine powder that produced aggregates of various sizes. XRD analysis of these size fractions showed that the samples were mostly pure. The two clays contain minor amounts of carbonate, the zeolite contains minor amounts of smectite clays, and the magnesium sulfate is in a hydrated state, but does not appear to be epsomite (7H 2 O), hexahydrite (6H 2 O) or kieserite (1H 2 O). The palagonite is dominated by an amorphous phase with lesser amounts of feldspar.
[10] These five materials were chosen because they range from highly crystalline and well ordered (e.g., zeolite) to amorphous and poorly ordered (e.g., palagonite). Additionally, they span a wide range of water contents, from $6 -20 wt % H 2 O. This suite of minerals allows us to compare the strength, shape, and evolution of water absorptions for water held in a variety of structures under a wide range of hydration states. The two clay samples are capable of holding varying amounts of H 2 O in the interlayer region (between tetrahedral-octahedral-tetrahedral (TOT) sheets). The total amount of water in these samples is dependent on the relative humidity as well as the interlayer cation, as shown by Bishop et al. [1994] . The Na-Ca montmorillonite and Mg-exchanged montmorillonite therefore are expected to have different total water contents. The zeolite is a framework silicate consisting of interlocking SiO 4 and AlO 4 tetrahedra that form large open channels in which H 2 O can be stored. We assume that it is the amorphous phase of the palagonite that is hydrated (not the feldspars), though it is unclear if the hydration is caused by water within the structure, adsorbed onto grain surfaces, or both. This diversity in the structural water component is essential if we are to find a model that is independent of composition.
Fourier Transform Infrared and Weight Measurements
[11] All spectra shown here were acquired in the Reflectance Experiment Laboratory (RELAB) at Brown University using a Nicolet Nexus 870 Fourier transform infrared (FTIR) spectrometer, fitted with a Pike Technologies biconical attachment (AutoDIFF TM ) to measure diffuse reflectance spectra. Each of the five samples was also measured using the RELAB bidirectional spectrometer (i = 30°, e = 0°) to determine the wavelength and value of the maximum reflectance point (l max and R max , respectively). All FTIR reflectance spectra, which are relative to a gold reference, were converted to ''absolute'' reflectance by scaling to their corresponding R max at l max prior to analysis.
[12] A cylindrical platinum dish (10 mm diameter, 2 mm depth) was filled to the top for each sample. The platinum does not react with the sample when heated and, unlike the standard aluminum sample dishes, can be heated to very high temperatures. The sample-filled dish was tapped, not pressed, during filling to minimize preferential orientation of grains and differences in surface roughness between samples [Bishop et al., 1994] . The sample was then placed in the spectrometer and measured under ambient conditions. All final reflectance spectra represent an average of 20 scans. The background (i.e., gold reference) spectrum that each sample spectrum is divided by to convert to reflectance was also an average of 20 scans (described further in section 3.1.4). Reflectance spectra were acquired for two wavelength regions. A KBr beamsplitter was used in combination with a DTGS detector to measure spectra from $1.5-25.0 mm at a resolution of 2 cm À1 . This wavelength region includes the 1.9 mm combination overtone (H 2 O bend + stretch), the 3 mm fundamental (H 2 O symmetric and asymmetric stretches), and the 6 mm fundamental (H 2 O bend) absorptions. Reflectance spectra were also acquired from $1.0 -4.5 mm (also at a resolution of 2 cm À1 ) using a CaF 2 beamsplitter and DTGS detector to measure the 1.4 mm overtone (O-H stretch) . For the data shown here, only one sample was measured per heating and purging series (described below) per wavelength region in order to measure the different samples at similar time steps. Measurements of replicate samples on the same day or different days showed the FTIR spectra to be consistent (after scaling the data) for absorptions not related to water content (differences in humidity or sample heterogeneity affect the total water content, thus the strength of the water bands may vary), regardless of which beamsplitter was used. This shows that the uncertainties in the FTIR reflectance values are negligible, on the order of 0.01 -0.05% (absolute), depending on the wavelength, reflectance level, and beamsplitter. A control sample of halon, measured at different spots to account for sample heterogeneity and using the two different beam splitters to account for instrumental differences, showed similar uncertainties. Each sample was weighed before and after the ambient measurement to determine the average sample weight. The microbalance (and each absolute weight measurement) has an uncertainty of ±0.1 mg. To compare samples, all observed weight changes and their corresponding uncertainties were converted to weight percent (wt %), which is dependent on the initial sample weight. This causes the uncertainties to vary for each sample, but sample weights were typically 20-100 mg, yielding uncertainties of $0.1-0.5 wt %.
FTIR Purging Experiments
[13] The FTIR AutoDIFF TM attachment is enclosed in Plexiglas, with a top that can be lifted for loading and removing samples. A purging pump is connected to the system, allowing dry air (filtered for CO 2 and H 2 O) to be passed continuously through the sealed sample chamber to remove adsorbed or weakly bonded structural water from the sample. Background and sample spectra are acquired under these conditions at predetermined time steps for each sample. The sample is then removed immediately from the chamber and weighed to determine the weight loss, which is assumed to be due solely to the loss of weakly held H 2 O. The sample is then returned to the purging chamber for the next measurement. Approximately 8-10 s elapse between removal of the sample from the purging chamber and weighing. Rehydration of the sample during this time is assumed to be minor, but is difficult to quantify and must be kept in mind when comparing the spectra and their corresponding weight measurements. Samples were measured at intervals of 5 min for the first 30 min and then at 1 hour. Most of the weakly bonded water is removed within the first hour of purging and weight changes are rarely seen after 2 -3 hours for the samples presented here. Though the system is under positive pressure, the purging pump is incapable of reducing the relative humidity (RH) to zero in the sample chamber, making it difficult to remove all easily exchanged H 2 O from the samples. Additional heating experiments are used to remove the strongly bonded H 2 O or OH À molecules.
Heating Experiments
[14] After the weakly held H 2 O has been removed from the sample through purging, the sample is then heated in a bench top furnace to specific temperatures. A sample is heated for 15-20 min at each temperature, typically ranging from 100°-800°C in 50°increments. Samples are often heated for longer (1 -3 hours) at the higher temperatures to ensure that all H 2 O has been removed, which is important for estimating the total water content of the sample. At the end of each heating step, the sample is moved directly to the spectrometer for measurement and then immediately weighed to determine the water and/or hydroxyl loss.
[15] The samples cool rapidly once they are removed from the furnace and the temperature associated with each spectrum does not necessarily represent the temperature of the sample while the spectrum was acquired, but rather the highest temperature to which the sample has been heated. As the sample cools, rehydration or adsorption of water onto grain surfaces is possible, which will increase the strength of the water absorptions as well as increase the sample weight. We reduce these effects by decreasing the length of time a sample is exposed to ambient conditions. We accomplish this by measuring the background prior to removing the sample from the furnace and reducing the number of scans for both the sample and background to 20. This number was found to balance a maximum signal to noise in the spectral measurement against a minimum sample ''exposure'' time. Averaging more scans would reduce the noise, but at the cost of requiring more time. The signal is strong for these samples and the data only appear significantly noisy near the upper and lower wavelength limits of the detector (this is true for both beam splitters), which are far enough from the absorption bands discussed here that the errors are small, as discussed previously. If the number of scans is increased it is possible to see the water bands (especially the weaker overtones at 1.4 and 1.9 mm) increase during the measurement because of rehydration. This is not observed for the number of scans used here, affirming that spectral changes due to potential rehydration are minor.
[16] Averaging 20 scans requires approximately 25 s, thus measuring the background before the sample is removed from the furnace reduces the sample exposure time by one half. Again, approximately 8 -10 s elapse between the final scan and weighing the sample. The purging pump runs continuously during the heating measurements, helping to minimize rehydration. Changes in atmospheric water vapor caused by opening the purging chamber between the background and sample measurements are minor and only appear on the short wavelength side of the 3 mm band; they do not affect the overall strengths of the water absorptions.
Band Parameters
[17] The goal of this study was to find a simple and reliable method for estimating absolute water content from reflectance spectra, independent of composition. The first step was to determine which absorptions should be investigated further. One of the major applications of this work will be to use it in conjunction with the OMEGA and CRISM data sets to map the hydration state of the Martian surface. These instruments will provide high spectral resolution data that ranges from $0.3 -5.0 mm. This wavelength region does not include the 6.0 mm fundamental H 2 O bend absorption, and the $1.4 mm hydroxyl and H 2 O overtones are most likely too weak to be clearly distinguished from instrumental noise over most of the planet (though they have recently been detected in localized areas using Mars Express OMEGA data [Langevin et al., 2005] ). Here, we only consider the 3 mm and 1.9 mm regions.
[18] There are several absorptions within the 3 mm region, including an overtone of the 6 mm fundamental H 2 O bend, near 3.1 mm, and the fundamental symmetric and asymmetric H 2 O stretches near $2.8-3.0 mm (these include stretches due to H 2 O attached to cations as well as weakly bonded H 2 O in the structure). Similarly, there are at least two distinct absorptions in the 1.9 mm region. These include the combination H 2 O bend plus stretch absorption near $1.91 mm (H 2 O attached to cations) and a similar, but weaker, absorption near $1.95 mm related to bound H 2 O not attached to cations [Bishop et al., 1994] . These regions ($1.91, 1.95. 2.9, and 3.1 mm) often have distinct minima, and most parameters were calculated for each of these four absorptions. Band positions vary substantially between the five samples and searching for local minima using a set wavelength range for all samples often excluded local minima near $2.8-2.9 mm (due to the presence/absence of OH À bands near this region). A sample-specific wavelength range was identified for each of the four absorptions and used as search boundaries to ensure retrieval of local minima for all samples.
[19] Next, we calculated different parameters related to these absorptions for each spectrum, including band depth, integrated band area, mean optical path length, and many others. Many of the parameters we investigated showed little or no correlation to absolute water content for the sample group as a whole. Though some show correlations for specific samples or for estimating relative changes in water content, they are not presented here. We discuss those parameters that are most commonly used in planetary spectroscopy as a proxy for water content and those that show the best correlation to absolute water content. These include band depth (BD), integrated band depth (IBD), integrated band area (IBA), mean optical path length (MOPL), normalized optical path length (NOPL), and the effective single-particle absorption thickness (ESPAT) function, as defined by Hapke [1993] .
Single-Scattering Albedo
[20] The band parameters listed above were calculated using both reflectance and single-scattering albedo spectra. Reflectance spectra, R, are converted to single-scattering albedo, w, in order to reduce the effects of multiple scattering. Single-scattering albedo is meant to represent the interaction of a single photon with a single particle: the photon is either reflected (scattered) away from the target or absorbed by the particle. Hapke [1993] showed that the reflectance factor, REFF, for a surface is related to the single-scattering albedo by
where i is the incidence angle, e is the emergence angle, and g is the phase angle. Here, the opposition effect, B(g), is assumed to be 0, the phase function, p(g), is assumed to be 1, and the H function, H(x), is related to w by
[21] Equation (1) is solved for w at each wavelength using the observed reflectance values. The Nicolet FTIR is a biconical system, but we convert reflectance data to singlescattering albedo assuming a bidirectional geometry. The precise path of the beam in the biconical system is not known, but is approximated using an incidence angle of 30°, an emergence angle of 30°, and a phase angle of 60°. It should be noted that the conversion of R to w is highly nonlinear (Figure 2 ) and may not be as robust as methods that account for both single-and double-scattering contributions [see Douté and Schmitt, 1998 ], and small changes in R cause large differences in w for low reflectance values. This is problematic for strong or saturated absorptions that have reflectance values close to zero. Small differences in reflectance for these absorptions, caused by slight changes in scattering properties or viewing different spots of the sample (i.e., sample heterogeneity), will result in noticeable differences in their single-scattering albedo. It is not possible to determine how much of the variation in the original reflectance data is caused by sample heterogeneity and how much results from slight changes in viewing geometry or scattering, but it is most likely the latter since these reflectance values are at the lower limit of the detector and similar variations are not observed for lower hydration states (nonsaturated bands). Regardless, the uncertainties in band parameter values are still small for saturated absorptions and negligible for other absorptions. Only the 3 mm band therefore is affected in certain cases whereas the 1.9 mm band is never close to saturation and is never greatly affected by this artifact of the nonlinear conversion.
[22] Next, the single-scattering albedo is converted to a Fresnel-corrected scattering efficiency for a more direct relation to various scattering models [Hapke, 1993] . The scattering efficiency can be related to scattering models by
where Q S is the scattering efficiency, S e and S i are the total Fresnel reflectivities for externally and internally incident light, respectively, and Q is the internal transmission factor. Hapke [1993] also showed that the Fresnel scattering coefficients may be approximated by
where n and k are the real and imaginary parts, respectively, of the complex index of refraction. Here, we use n and k of bulk water ( Figure 3 ) [Pope and Fry, 1997; Segelstein, 1981] since we are modeling water absorptions. These values are for liquid water and are not necessarily the exact same values as those for water held in a mineral structure. They do, however, provide a starting point since we are searching for a model that is independent of composition and the exact values of n and k are not known for water in every mineral structure. Also, although water is a minor constituent of the sample, the value of n for H 2 O is not significantly different from the value of n for many minerals. Correcting Q S for these scattering coefficients has the advantage of correcting for scattering effects caused by the presence of water in the mineral that are not related to the actual water absorptions we are examining, which may contribute to the continuum slope (k for water is nonzero over the entire wavelength region examined here).
[23] The internal transmission factor, Q, is ''the total fraction of light entering the particle that reaches another surface after one transit'' [Hapke, 1993] . In its simplest form, Q can be approximated by Beer's law (see discussion of MOPL below), but it can also take on more complicated forms to account for additional scattering effects. We correct the scattering efficiency (Qs, w) for S e and S i (i.e., solve (3) for Q) prior to calculating the band parameters to minimize the effects of scattering. In addition to increasing all reflectance values, converting reflectance spectra to w or Q also cause absorptions to become narrower, making individual bands and local minima more clearly defined (Figure 4 ). Though one would expect the water molecules in our samples to be too small to be relevant to the case of geometric optics, the absorption coefficient of water is quite large within and around the water absorptions. Ultimately, we will remove the continuum slope in order to isolate the spectral features of water, in which case the Q S in (3) will be that of the H 2 O in the sample. We correct for S e and S i to be consistent with Hapke's model, but the effects are minor for the resulting band parameter values whether w or Q spectra are used, and thus it is possible to exclude this step. The final Q ''spectra'' have been corrected for scattering effects as much as our simple assumptions will allow and the (1) in the text). The conversion from R to w is highly nonlinear; thus small changes in reflectance at low reflectance values will produce large differences in single-scattering albedo. Figure 3 . Real (n) and imaginary (k) components of the complex index of refraction for bulk H 2 O over the wavelength region examined here. Note that the inverse of k in the $1.9 and $3 mm regions is very similar in shape to the water absorptions observed in spectra of hydrated minerals.
conversion from w to Q allows direct comparison between different absorption models. We have chosen to use the relatively straightforward Hapke model, though other more complex models capable of modeling layered media or absorbing molecules such as those described by Douté and Schmitt [1998] , Shkuratov et al. [1999] and Poulet et al. [2002] may be more physically realistic.
Continuum Fits
[24] Most of the parameters examined here require the continuum slope to be defined. The continuum slope is the absorption contribution from all other absorbing species in the material not related to the absorption feature being examined [Clark and Roush, 1984] . In mixtures, for example, the total absorption can be defined as a multiplicative combination of each absorbing component, thus a given component can be isolated by dividing the observed reflectance by the contribution of the remaining components [Clark and Roush, 1984] . For this work, we are only interested in absorptions caused by the presence of H 2 O or OH À and we define the continuum slope to be all absorptions not related to either of these components.
[25] We determine the continuum slope for each spectrum by using an iterative process that creates linear fits over absorptions by searching for local maxima. The fits are linear in wave number space, which is proportional to energy, not wavelength space. First, a linear continuum fit is defined using the maximum reflectance point on the short wavelength side of the 1.9 mm band (typically near 1.8 mm) and the maximum reflectance point on the long-wavelength side of the 3 mm band (typically near 4 mm). The original reflectance spectrum is then divided by this linear continuum. The resulting ratio spectrum is searched to find values >1 and, if any exist, the wavelength corresponding to the largest of these values and its value in the original reflectance spectrum are used as a point to define a new linear segment in the continuum fit. The continuum is recalculated using this additional segment and a new ratio spectrum is created. The process (piecewise linear fit) is iterated and new linear segments are added to the continuum fit until all values in the ratio spectrum are 1.
[26] It is important to note that points in the continuum fit are defined by maxima in the reflectance/continuum ratio spectrum, and may or may not represent local maxima in the Figure 4 . Reflectance spectra of the five minerals used for this study for the (a) 1.9 mm region and (c) $3 mm region and (b, d) their corresponding single-scattering albedo spectra, w. Converting to w results in narrower absorptions in the 3 mm region and a significant decrease in the strength of the $1.9 and 2.2 mm absorptions.
original reflectance spectrum since absorptions between 2 -4 mm are often nested within the strong 3 mm water band or imposed on local slopes. This is evident in the 2.2 mm metal-OH stretch absorption in palagonite ( Figure 5 ). If the maximum reflectance point between 2.2 mm and 3.0 mm were used as a continuum point, the ratio spectrum would have many points with values >1 in this region, which is unrealistic since the continuum is meant to represent a spectrum in the absence of any absorbing species. The final continuum spectra commonly consist of two or three linear segments, one spanning the 1.9 mm absorption, one over the 3 mm region, and one over the 2.2 mm band, if present. It is also important to remember that band minima in original reflectance spectra will often shift to longer or shorter wavelengths after dividing by the continuum, especially if the continuum slope is steep. The reader is urged to keep in mind which band parameters are determined using ''apparent minima'' (that is, from original reflectance data) and which use ''true'' minima (determined from continuumremoved spectra).
Band Depth (BD)
[27] Band depth, perhaps because of its simplicity, is one of the most widely used parameters for determining the relative strengths of absorptions [Clark and Roush, 1984; Bell and Crisp, 1993; Noe Dobrea et al., 2003; Rivkin et al., 2003] . It is calculated by dividing the reflectance value at the maximum absorption point, R b (l), by the value of the continuum at that same point, R c (l) [Clark and Roush, 1984] . When subtracted from unity, the band depth becomes zero when no absorption is present (relative to the continuum) and 1 when the absorption is saturated (i.e., R b (l) = 0). The band depth parameter was only calculated for the maximum absorption points in the 1.9 and 3 mm regions, which typically occur near 1.91 mm and 2.9 mm.
Integrated Band Depth (IBD)
[28] The band depth can be calculated at all wavelengths within an absorption feature and integrated to provide a relative estimate of the total amount of energy that absorption represents. Unlike the band depth, the IBD represents the combined contribution of all absorptions, fundamentals and overtones, within the integrated region. Similar to the band depth, the total absorbed energy (and thus the IBD) a water band represents should decrease as water is removed from the sample. The wavelength limits of the integral for the 1.9 mm band are defined by the continuum points on the short-and long-wavelength side of the absorption (l min and l max , respectively). We are only attempting to find correlations to the amount of H 2 O, not OH À , and do not include the region of hydroxyl absorptions ($2.7-2.8 mm) when calculating the 3 mm IBD. Instead, the integration for this region starts at $2.84 mm. The strength and shape (width) of water absorptions are not the same for all materials, so we normalize the IBD by the total possible area the absorption could occupy in order to allow direct comparison between samples. This is similar to normalized equivalent width, a parameter commonly used in astronomy to evaluate the intensity of spectral lines. The wavelength range of the integration and the maximum possible value of the band depth at each point, which is 1 for all wavelengths, define the normalization area. The change in wavelength, dl, is determined by the spectral resolution, which is 2 cm À1 for all observations used in this study.
3.2.5. Integrated Band Area (IBA)
[29] The area of a given absorption can also be integrated using the original reflectance data. This is very similar to the integrated band depth, but differs in that the data is not divided by the continuum fit. Instead, the area is defined by the difference between the continuum fit and the reflectance spectrum. This area is integrated over the same wavelength region as the IBD parameter. Like the IBD, the final value is normalized by the area defined by the wavelength region over which the integration is performed and the maximum possible reflectance value at each point (in this case, the continuum value is the maximum possible reflectance). In most cases, the IBA values are indistinguishable from the IBD values. The most noticeable differences occur when the absorptions are weak (only small amounts of water remain). Again, the hydroxyl absorptions near 2.7-2.8 mm were excluded when calculating the 3 mm IBA. Integrated band Figure 5 . Example of a continuum fit for the Hawaiian Mauna Kea (HWMK-101) palagonite sample (ambient). For most parameters (see text for details), the original spectrum is divided by the continuum fit. Although the fit appears linear in wavelength space, it was derived from wave number space.
area, sometimes referred to as integrated band depth, was used by Miyamoto and Zolensky [1994] and Calvin [1997] to examine hydration features. We chose the nomenclature presented here to emphasize the fact that our IBD parameter incorporates the band depth calculation (reflectance spectra are divided by the continuum).
3.2.6. Mean Optical Path Length (MOPL)
[30] A simple approximation for describing absorptions in reflectance spectra is to use Beer's law,
where k is the imaginary index of refraction, a is the absorption coefficient, and d is the optical path length. For reflectance spectra, the optical path length is the mean path length of the observed radiation through all particles traversed, but for single-scattering albedo spectra it represents the average distance a ray travels during one traverse of a particle, and is usually somewhat smaller than the actual particle size [Hapke, 1993] . The difference between the two essentially represents the effects of multiple scattering. Beer's law is defined for transmittance, where a(l)Ád is the absorbance and d is the optical length, but if it is assumed that all incident radiation is either absorbed or reflected, then (8) is a rough approximation for reflectance spectra (though in its general form it does not account for the effects of multiple scattering). A quick examination of (8) also shows that reflectance is nonlinear with increasing wavelength. One method to circumvent this problem is to convert reflectance to apparent absorbance, Àln R(l) [Kortum, 1969; Yen et al., 1998 ]. The apparent absorbance can then be divided by the absorption coefficient to provide an estimate of the mean optical path length (MOPL; d in (8)) [Clark and Roush, 1984] . Hapke [1993] showed that apparent absorbance is, in fact, not proportional to the absorption coefficient, but we investigate it here to see if there is a relationship between MOPL and absolute water content. We use continuum-removed spectra and calculate the MOPL at $1.91, 1.95, 2.9, and 3.1 mm using a value of k determined from the imaginary index of refraction of bulk water. The maximum value of k in the 1.9 mm region (k = 0.001922 at l = 1.932 mm) is used for both the $1.91 and $1.95 mm bands and the maximum value of k in the 3 mm region (k = 0.28234 at l = 2.951 mm) is used for both the $2.9 and $3.1 mm bands. The wavelength unit used in (9) for this study is nanometers, therefore MOPL values are also in units of nanometers.
3.2.7. Normalized Optical Path Length (NOPL)
[31] Similar to the MOPL, a parameter we will call the normalized optical path length (NOPL) takes advantage of the approximation of Beer's law for reflectance and solves for the optical path length, d. The difference here is that the strength of the band fit by the exponential term is determined relative to the continuum reflectance value, not relative to a reflectance value of 1, which is the assumption if (8) is solved directly for d. This is justified because we are interested in the optical path length of the water component, and in the absence of that water component the reflectance would be equal to the continuum reflectance, not equal to 1. Therefore the difference between the continuum reflectance and the observed reflectance is a better representation of the band strength. To account for this in the NOPL calculation, the observed reflectance values are ''shifted up'' by a value of 1 À R c (l). Once (8) is solved for d using this new reflectance value, R 0 (l), it is normalized by the solution for the maximum possible value of d (the value of d assuming R(l) = 0).
[32] We also examined this parameter using the standard practice of dividing spectra by the continuum, but the method of (10) yielded smaller residuals. The ''shifting up'' of the reflectance values can be justified by considering a system with an H 2 O and non-H 2 0 component, such that
[33] If the non-H 2 O component is represented by the right-most exponential term (which is equal to the continuum, R c , in this study), then dividing the reflectance by the observed continuum will isolate absorptions due to the presence of H 2 O. This is the standard justification for dividing by the continuum rather than subtracting it from reflectance spectra [Clark and Roush, 1984] . However, if a H2O d H2O ( 1, then it can be shown that
[34] The normalization in (10) helps to account for the differences in absorptions between samples caused by the non-H 2 O component, which is expressed in the spectra as differences in albedo and continuum slope. The same values of k are used here as in the MOPL calculation. The difference between MOPL and NOPL is most pronounced for samples that are highly absorbing in the NIR-MIR wavelength range (i.e., low-albedo, continuum reflectance values are small).
Effective Single-Particle Thickness (ESPAT)
[35] The ESPAT function, W, [Hapke, 1993] is only defined for single-scattering albedo, not reflectance, and is calculated by
[36] W is linearly proportional to aÁd over a range determined by the value of the internal scattering coefficient, s (aÁd ( 1 if s is 0) [Hapke, 1993] . If our water absorptions are within this range, and the absorption strength (aÁd) is linearly proportional to water content, then the ESPAT function should also be linearly proportional to water content. The ESPAT function uses the absolute singlescattering albedo values to relate absorptions to optical path length; it does not account for the effects of strong continuum slopes or large differences in albedo between samples, both of which can affect the apparent strengths of absorptions. We first correct each spectrum for its continuum slope to provide a direct comparison between ESPAT values. The continuum correction we use for the ESPAT parameter is different from the method used in the other band parameters. Hapke [1993] shows that for monominerallic particles whose size is much larger than the wavelength being used, the single-scattering albedo is equal to the scattering efficiency, such that
where Q S is the scattering efficiency and Q A is the absorption efficiency. We consider the absorption efficiency to be composed of two parts, the absorption efficiency of the water in the sample and the absorption efficiency of the nonwater component (Q A = Q A, H2O + Q A, non-H2O ). The absorption efficiency of the non-H 2 O component is given by Q A, non-H2O = 1-R c . To isolate Q S and Q A,H2O in (13) therefore the absorbing effect of the continuum (Q A, non-H2O ) is added to, not divided from, the scattering efficiency. The resulting spectrum (w, corrected for the continuum) is equal to the scattering efficiency of the sample, and 1 À w is now equal to the absorption efficiency of the water in the sample (Q A, H2O ). In the absence of water absorptions therefore the continuum-corrected single-scattering albedo (i.e., Q S ) will be equal to one and the absorption efficiency will be zero. The scattering efficiency is corrected for S e and S i of water (equations (3) and (4)) prior to removing the continuum. The input and output of the continuum-removal process therefore is actually the internal transmission factor, Q, and not the original Q S (see equation (3)). As with the other parameters, the single-scattering albedo could just as easily be divided by the continuum slope, but the resulting ESPAT values show a weaker correlation to water content than the method described here. The continuum-removal process, be it this method or division, has little effect on the other band parameters for single-scattering albedo spectra.
Estimating Total H 2 O Content
[37] Weight measurements provide an accurate estimate of the weight change due to loss of H 2 O, OH À , or minor impurities (organics, CO 3 À , etc.; assumed to be negligible compared to the total water content) at each purging or heating step. These weight changes must be converted to weight percent H 2 O present at each step in order to develop a model that can predict absolute water content. We use two methods to determine the total water content of each sample. First, any one of the band parameters described above can be plotted against the observed weight changes to determine how that parameter is affected by dehydration. The simplest to use is the band depth parameter. In the absence of H 2 O, the 1.9 mm (combination bend + stretch overtone) band depth should be zero. A plot of this parameter against the observed weight changes can be used to find the weight loss that would correspond to BD 1.9mm = 0 (Figure 6a , the x intercept), even if there is no actual observation at this value. This maximum weight loss is assumed to represent the total amount of H 2 O (not including OH À ) in the sample at the start of the measurements (ambient conditions). For each sample, the observed weight changes are then subtracted from this value to estimate the total water content that corresponds to each spectrum.
[38] Unlike the 3.0 mm fundamental region, the 1.9 mm band is a weaker overtone and may disappear before all H 2 O has been removed from the sample. This is evident in the palagonite sample, which continues to lose mass (water) after its 1.9 mm band has disappeared (Figure 6a ). In these cases the 3 mm band depth may be used, though the presence of hydroxyls will also cause absorptions in this region and they typically remain in the structure well after all H 2 O has been removed. All samples were also measured using thermogravimetric analysis (TGA, acquired in Prince Laboratory, Engineering Dept. at Brown University) to provide an independent method of determining volatile loss as a function of time and temperature (Figure 6b ). This method was also used by Bishop et al. [1994] and Yen et al.
[1998] to estimate total water content of samples. If we assume that the final weight loss represents the total amount of H 2 O in the sample, these values can be compared to the total water contents derived from the band depth parameter. TGA data for samples with both H 2 O and OH À in their structure, such as montmorillonite, may show several weight loss steps. The steps occurring at lower temperatures correspond to the loss of H 2 O and the steps at higher temperatures typically correspond to loss of OH À (Figure 6b ). This contribution of OH À was not included in the estimates of the total water content. The temperature corresponding to the onset of OH À loss of can be verified by examining the 2.2 mm (metal-OH absorption) band depth from the heating experiments in RELAB. This band depth will decrease when hydroxyls are removed from the structure.
[39] Discrepancies in estimated total water content between the band depth parameter calculation and the TGA data were commonly less than 1 wt %. These differences may represent sample heterogeneity or differences in relative humidity (which affects the hydration state of certain samples) between the two environments in which the samples were measured. The clays and zeolite showed the largest differences between the two methods, whereas the palagonite and MgSO 4 ÁnH 2 O samples, which are less sensitive to changes in RH, showed consistent water contents using the two methods. This suggests that (1) using the band depth parameter is reliable for estimating the total water content and (2) the band depth parameter, not the TGA data, better represents the true water content of a sample on the day it was measured in RELAB. Observed weight percent losses for each purging and heating step, as well as the estimated total water content for each sample, are shown in Table 1 .
Results

Changes in Spectral Features 4.1.1. Purging Experiments
[40] As stated previously, the purging experiments are only capable of removing weakly bonded water and never remove structural H 2 O or OH À . The two clay samples, the zeolite, and the palagonite all lost a significant amount of water (3 -5 wt %) during the purging series, but only the two clay samples showed dramatic changes in their spectra. An example of a purging series for a Na-Ca montmorillonite (SWy-1) is shown in Figure 7a . As the relative humidity decreases, the weakly bonded water is removed from the interlayer region, causing the $1.91, $1.95, $2.9 and $3.1 mm bands to decrease in strength. The 2.2 mm metal-OH band does not change, proving that only H 2 O and not OH À is removed during purging. These spectral changes and changes in band positions have been well documented for smectite clays [Russell and Farmer, 1964; Johnston et al., 1992; Bishop et al., 1994; Madejová, 2003] . The Mg-exchanged montmorillonite shows similar trends as the Na-Ca montmorillonite but is not shown here (see Bishop et al. [1994] for a detailed description of the effects of interlayer cation on clay spectra). The zeolite and palagonite showed only minor decreases in their 1.9 mm bands and practically no change in the 3 mm region, though their weight losses were comparable to the clay samples. These samples contain almost twice the amount of water as the clays and their absorption bands are at or near saturation. The absence of changes in the 3 mm region after 1 hour of purging for a weight loss of $3% suggests that these samples are still spectrally saturated with respect to water, and heating experiments are required to create a noticeable change in the 3 mm region. The MgSO 4 ÁnH 2 O was the only sample that showed insignificant changes in weight (they were within the uncertainties of the measurement, Table 1 ) and band parameters during purging, suggesting that all H 2 O in this sample is strongly bonded and requires heating to be removed. This is similar to observations of kieserite (MgSO 4 Á1H 2 O), which is stable at moderate temperatures and low-RH conditions [Vaniman et al., 2004] . The MgSO 4 ÁnH 2 O purging measurements were not used when calculating band parameters to avoid bias in the weighted best fit lines (see discussion below).
Heating Experiments
[41] Changes in the strengths and shapes of major H 2 O and OH À absorptions as a function of dehydration via heating are shown in Figure 7 . These reflectance spectra have been divided by their continuum slope to directly compare changes in true band minima, which are not as readily apparent when imposed on the continuum slope. All samples show a rapid decrease in the strength of the $1.91 and $1.95 mm absorptions, with the weaker 1.95 mm band disappearing first. The 2.2 mm metal-OH band remains unchanged at low temperatures (<300°C) but decreases in strength at higher temperatures. The zeolite (clinoptilolite), which does not contain OH À initially and has no 2.2 mm feature, develops an absorption at this wavelength at temperatures >350°C. This is caused by a reorganization of the crystal structure and forming of Al-O-H bonds, an irreversible process. These features are still present at high temperatures, suggesting they are strongly bonded within the new crystal structure.
[42] Under ambient conditions the MgSO 4 ÁnH 2 O sample exhibits typical absorptions in the 1.9 mm region, proving that it is not anhydrous (as it was labeled). At low temperatures ($200°C) a transformation occurs and a new absorption appears near 2.1 mm. This new absorption is common in Figure 6 . Methods for estimating total H 2 O content by (a) plotting the 1.9 mm band depth against measured weight loss and estimating the x intercept and (b) using TGA data to determine total volatile loss (assumed to be H 2 O). The decrease in weight observed in the TGA data for T > 500°C for the two clay samples represents loss of OH À . Discrepancies may exist between the two methods because of differences in relative humidity in the environment in which the measurements were made. monohydrated sulfates [Bonello et al., 2005] , suggesting that the original sample contained more than one H 2 O per sulfate molecule but is now dehydrating to a monohydrated state. It is uncertain if the crystal structure of this monohydrated state is that of kieserite or a different phase, but it is stable to temperatures of 300-350°C. The highest temperatures reveal the presence of distinct narrow absorptions (OH stretching absorptions) on the short-wavelength side of the 3 mm region for most samples. For some samples, such as the palagonite, these absorptions are masked by the dominant H 2 O absorptions when fully hydrated and can only be distinguished once the sample has been dehydrated. Similarly, weak absorptions near 3.4 and 3.9 mm in the clays that seem to increase and then disappear with increasing temperature are caused by trace amounts of organics and carbonate. They do not contribute significantly to the total weight loss and should be ignored.
[43] For all samples, the water absorptions in the 1.4 and 1.9 mm region are no longer present at the highest temperatures (700-850°C). All samples except for the zeolite also lack a 2.2 mm metal-OH feature, suggesting that only minor amounts of OH À may still be present. This is also indicated by the presence of sharp, narrow absorptions near $2.7 mm, possibly representing the stretching modes of hydroxyls. Unlike the weaker overtones, the 3 mm region is still present in all samples at the highest temperatures. With the exception of the zeolite, these temperatures are too high to represent the presence of structural H 2 O. There are several possible causes for the persistence of this feature, including the presence of strongly bonded OH À molecules, water trapped in inclusions, and readsorption of H 2 O from the atmosphere. Extended heating steps at high temperatures (48 hours at 900°C) for the palagonite showed no change in sample weight or strength of the 3 mm region. If this feature were caused by water in inclusions, one would expect some or all of it to diffuse out of the sample under these conditions for such a small grain size (<25 mm was used for this test), which was not observed. It is possible that moving the samples from extremely high temperatures directly to ambient conditions may cause immediate readsorption of minor amounts of H 2 O from the atmosphere, especially considering that the surface energy of the grains is probably quite high at these temperatures. Because the feature is observed in all samples, including the hydroxylfree magnesium sulfate, readsorption probably accounts for at least part of this absorption. Other samples most likely retain OH À molecules until much higher temperatures, accounting for the variability in this feature between samples. Though this absorption appears strong in these continuum-removed spectra, the plots of band parameters versus estimated weight percent H 2 O suggest that the amount of readsorbed water is minor compared to the total initial water content of the samples. Further experiments will be conducted to determine the minimum amount of H 2 O needed to account for this feature.
Band Parameters
[44] Plots of the BD, IBD, IBA, MOPL, NOPL, and ESPAT parameters versus estimated absolute water content, using both reflectance and single-scattering albedo spectra, for absorptions within the 1.9 and 3 mm regions are presented in Figures 8, 9 , 10, 11, 12, 13, and 14. Uncer- These measurements were for experiments using the CaF 2 beam splitter (1 -4.5 mm range). Total H 2 O estimates are based on plotting the 1.9 and/or 3 mm band depth against measured weight losses (see text for further description). Figure 7 . Continuum-removed spectra of purging series for (a) SWy-1 montmorillonite and heating series for (b) SWy-1, (c) Mg-exchanged SWy-1, (d) reagent-grade MgSO 4 , (e) a Hawaiian palagonite, and (f) clinoptilolite (a zeolite). The strength and shape, as well as the evolution during dehydration, of the water absorptions vary greatly between these samples. A 3 mm band is present in all samples even after they have been heated to $800°C, but the 1.9 mm combination overtone and 2.2 mm metal-OH band typically disappear at T > 500°C. Temperature values represent the highest temperature to which the sample was heated and are not necessarily representative of the temperature of the sample during the FTIR measurements. All purging or heating spectra for a given sample were acquired on the same day using the same sample. Figure 8 . Plots of band parameter values versus absolute water content in the 3 mm region for (a) band depth, (c) integrated band depth, and (e) integrated band area using reflectance spectra and (b) band depth, (d) integrated band depth, and (f) integrated band area using single-scattering albedo spectra. Dotted lines represent the best fit curve to the data (weighted least squares approach), with the residuals (observed minus predicted values) shown below the plots. Arrows in the residual plots indicate points that lie outside of the axes. Of these parameters, Figure 8b yields the smallest residuals (see Tables 2 and  3 for coefficients of best fit curves). tainties in water contents are shown for each measurement, the magnitude of which varies between samples depending on the amount (mass) of material used for each experiment. As stated earlier, errors in reflectance spectra and derived band parameters are negligible. All reflectance band parameters exhibit exponential trends for the 3 mm region, whereas single-scattering albedo parameters follow exponential trends for BD, IBD, and IBA, but linear trends for MOPL, NOPL, and ESPAT parameters. For many of the band parameters, the data points for the MgSO 4 ÁnH 2 O sample deviate from the general trend. This may be caused by the fine particle size of the sample (aggregates of micronsized grains), a characteristic that is known to affect spectral features in the NIR-MIR wavelength region [Mustard and Figure 9 . Plots of band parameter values versus absolute water content in the 1.9 mm region for (a) band depth, (c) integrated band depth, and (e) integrated band area using reflectance spectra and (b) band depth, (d) integrated band depth, and (f) integrated band area using single-scattering albedo spectra. Unlike the 3 mm region, there is no single correlation between these parameters and absolute water content for these absorptions.
Hays, 1997]. As a test, the sample was mixed with a small amount of water, dried rapidly, crushed, and sieved to <45 mm. This produced a recrystallized polyhydrated magnesium sulfate containing $40 wt % H 2 O with a particle size comparable to the other samples. This sample was measured using the same techniques as described above, and though the initial water content was much higher than the original ''anhydrous'' sulfate, this larger particle size showed similar band parameter values for similar water contents. This suggests that the primary cause of observed differences between the original MgSO 4 ÁnH 2 O sample and the other four samples is not related to the fine grain size of the MgSO 4 reagent.
[45] A best fit exponential curve or line was determined for each parameter by fitting the data using an iterative least squares approach in which each data point was weighted by its uncertainty [Tarantola and Valette, 1982] . All exponential and linear fits were forced to pass through the origin, assuming that all parameters should reach zero when all H 2 O has been removed from the sample. Coefficients from these fits for reflectance and single-scattering albedo parameters are presented in Tables 2 and 3 , respectively. Residuals were calculated for each parameter fit by subtracting the predicted water contents from the observed water contents. The residuals and curve fits for the 3 mm region are plotted with the band parameters (Figures 8, 10, 12, and 14) . None of the band parameters showed a strong correlation to water content for the 1.9 mm region for all samples (i.e., none of the parameters for the 1.9 mm band seem to be Figure 10 . Plots of absolute water content versus mean optical path length values calculated at (a) $2.9 mm and (c) $3.1 mm using reflectance spectra and (b) $2.9 mm and (d) $3.1 mm using singlescattering albedo spectra. Dotted lines represent the best fit curve/line to the data (weighted least squares approach), with the residuals (observed minus predicted values) shown below the plots. Arrows in the residual plots indicate points that lie outside of the axes. Of these parameters, Figure 10b yields the smallest residuals (see Tables 2 and 3 for coefficients of best fit curves). independent of composition), thus no fits or residuals were calculated for the parameters in this wavelength region.
Discussion
Band Depth
[46] At first glance, the commonly used band depth parameter (Figure 8a ) seems to provide a reasonable estimate of water content from reflectance spectra. The points for the brightest sample, the magnesium sulfate, however, fall to the right of the best fit curve, and those for the darkest sample, the palagonite, are to the left. The remaining samples all have similar maximum reflectance values. This suggests that the band depth parameter is correlated to albedo and will tend to underestimate water content for dark materials and overestimate water content for bright materials if the best fit curve is used to predict water content. When converted to single-scattering albedo, however, the exponential relationship is greatly improved and these effects seem to be minimized (Figure 8b and Tables 2  and 3 ). Several of the magnesium sulfate data points, however, still fall to the right of the curve. This is not unexpected when considering the 2.9 mm band for this sample is almost saturated with only $7 wt % H 2 O, the lowest water content of the five samples. It is unclear why these absorptions are so strong for this low water content, but it may be a result of the high albedo and/or multiple scattering of this sample not accounted for by converting reflectance to single-scattering albedo.
[47] It is also important to note that the sample is not necessarily pure and may consist of more than one phase of MgSO 4 . The sample is clearly not anhydrous and XRD analysis revealed that the structure is not kieserite or any other common hydrated magnesium sulfate. There are two distinct absorptions, a narrow absorption and a broader absorption, both with minima at 2.9 mm nested within each other when the sample is fully hydrated (see Figure 7d) . The narrow absorption disappears at low temperatures and subsequent spectra (and certain band parameter values) match well with other spectra of similar hydration levels. These two absorptions may indicate a mixture of two hydrated phases or water coordinated in two distinct ways within a single phase. Further work is needed to determine Figure 11 . Plots of absolute water content versus mean optical path length values calculated at (a) $1.91 mm and (c) $1.95 mm using reflectance spectra and (b) $1.91 mm and (d) $1.95 mm using single-scattering albedo spectra. Unlike the 3 mm region, there is no single correlation between these parameters and absolute water content for these absorptions, though Figure 11c shows promise if data points corresponding to the amorphous palagonite are excluded. the cause of this feature and the anomalously strong 3 mm band for relatively low water contents. All parameters that depend on the maximum absorption near $2.9 mm (BD, MOPL, NOPL, ESPAT) will be affected similarly for this sample; the band parameter values for this absorption in the magnesium sulfate will be greater than those derived from other spectra of similar water contents. The effect on the $3.1 mm absorption is not as strong since it is not close to saturation. Unlike the 3 mm region, there is no direct correlation to water content for the maximum absorption near $1.9 mm (Figures 9a and 9b) . Each sample shows a unique trend in this region, varying from linear to logarithmic, most of which are better expressed when derived from single-scattering albedo spectra. The band depth parameter provides a reasonable approximation of water content if single-scattering albedo spectra are used for the 3 mm region, though a correlation to albedo is still present, whereas the 1.9 mm region does not show a distinct correlation to absolute water content that is independent of composition.
Integrated Band Depth and Integrated Band Area
[48] The integrated band depth and integrated band area parameters are almost identical in their relationship to water content, the primary difference being that IBD values are slightly smaller than IBA values (Figures 8c -8f and 9c -9f) . Figure 12 . Plots of absolute water content versus normalized optical path length values calculated at (a) $2.9 mm and (c) $3.1 mm using reflectance spectra and (b) $2.9 mm and (d) $3.1 mm using singlescattering albedo spectra. Dotted lines represent the best fit curve/line to the data (weighted least squares approach), with the residuals (observed minus predicted values) shown below the plots. Arrows in the residual plots indicate points that lie outside of the axes. Of these parameters, Figures 12a and 12c yield the smallest residuals, whereas converting to single-scattering albedo results in larger errors (see Tables 2  and 3 for coefficients of best fit curves).
This similarity is evident from the formulas used to calculate them, but here we explore both since either method can be found in existing literature. Neither of these parameters, derived from reflectance or single-scattering albedo, provides an accurate estimate of water content using the 3 mm fundamental or 1.9 mm combination overtone regions (Figures 8 and 9 , respectively). This is not unexpected since the shapes of water absorptions vary widely between samples, relating to how the water and/or hydroxyl molecules are held in each mineral structure. Residuals are smallest for low water contents but range up to 5 wt % for high water contents (Figures 8c -8f) . Converting reflectance to single-scattering albedo results in a slight decrease in these uncertainties, but estimates of water content from these parameters still seem to be related to composition, specifically for the clinoptilolite and magnesium sulfate. The decrease in residuals from high to low water content may be a result of decreasing band saturation from fully hydrated to partially hydrated; an increase in absorption strength without a corresponding increase in absorption width will not be accounted for by IBD or IBA once an absorption becomes saturated. All of the samples measured here have a maximum reflectance >50% and water contents >6 wt %, but low-albedo samples could approach similar levels of spectral saturation with less water. This shows that caution must be used when implementing the IBD and IBA parameters since uncertainties related to band saturation are coupled to both water content and albedo. Low reflectance values in the 3 mm region (and thus large uncertainties) are equally possible from bright materials with high water contents as well as dark materials with low water contents. This is especially important considering that low-albedo materials dominate many planetary surfaces. Similar to the band depth parameter, neither IBD nor IBA show a single, statistically significant relationship to water content for all samples using the 1.9 mm region (Figures 9c -9f) . In this case, the conversion from R to w actually increases the scatter between some data points, most likely caused by an incomplete correction for scattering effects. This effect is apparent in these two parameters because they utilize the entire band and not just the point of maximum absorption.
Mean Optical Path Length
[49] The mean optical path length parameter represents the average distance a ray travels through the absorbing medium, that is, water, before it is absorbed. This parameter Figure 13 . Plots of absolute water content versus normalized optical path length values calculated at (a) $1.91 mm and (c) $1.95 mm using reflectance spectra and (b) $1.91 mm and (d) $1.95 mm using single-scattering albedo spectra. Unlike the 3 mm region, there is no single correlation between these parameters and absolute water content for these absorptions, though Figure 13c shows promise if data points corresponding to the amorphous palagonite are excluded.
shows an exponential trend with a very strong correlation to albedo for the $2.9 and $3.1 mm absorptions when the original reflectance spectra are used (Figure 10a and 10c) , but a strong linear trend when single-scattering albedo spectra are used (Figures 10b and 10d) . In all cases, several data points for the MgSO 4 ÁnH 2 O sample deviate from the general trend for the reasons discussed previously. Excluding these data points, residuals in estimates of water content reach values of up to 6 wt % for reflectance data, whereas all residuals from single-scattering albedo are less than 2 wt % for the maximum absorption ($2.9 mm band). Again, the 1.9 mm region MOPL values have no unique correlation to absolute water content (Figure 11) . MOPL values derived from reflectance spectra at $1.95 mm (Figure 11c) show the best correlation with water content if the palagonite data points are ignored, suggesting an inherent difference in absorption properties between water in amorphous materials versus water in crystalline materials (further discussion below). The weaker $1.95 mm absorption shows a stronger correlation to water content than the $1.91 mm absorption because the former is more closely related to the water molecules held together by hydrogen bonding and the latter represents water molecules attached to cations, an absorption not present in the imaginary index of refraction for bulk H 2 O (k), which is used to calculate the mean optical path length (see equation (9)).
Normalized Optical Path Length
[50] The parameter we refer to as normalized optical path length (NOPL) exhibits the best correlation to absolute water content for the $2.9 and $3.1 mm absorptions using reflectance spectra (Figures 12a and 12c) . The residuals from best fit curves for these data are <1 wt % H 2 O for a wide range of hydration states, a dramatic improvement on Figure 14 . Plots of absolute water content versus Hapke's [1993] effective single-particle absorption thickness (ESPAT) parameter calculated at (a) $1.91 mm, (b) $1.95 mm, (c) $2.9 mm, and (d) $3.1 mm. This parameter exhibits no unique correlation to water content for the 1.9 mm region (combination overtones), but linear trends are observed for absorptions within the 3 mm region (fundamental stretches and overtone of the H 2 O bend), specifically for low water contents. previous studies relating laboratory reflectance spectra to water content. Uncertainties are smallest for low water contents (<5 wt %), a range that likely spans the hydration state of Mars and other planetary surfaces. As with MOPL, the trends for the 3 mm region are exponential when derived from reflectance data but linear when derived from singlescattering albedo (Figure 12 ). The latter are not fit best by a single line, but rather individual lines for each material. It is unclear why a single trend disappears in single-scattering albedo data, but it may be related to the nonlinear conversion of R to w and its effects on the normalization of this parameter. NOPL values for the bright magnesium sulfate and dark palagonite fall on the right and left sides of the best fit exponential curves, respectively. This suggests the presence of a weak correlation between water content derived from this parameter and albedo, though the effect is much smaller than that observed for the other parameters. Correcting the model for this trend will likely reduce the uncertainties even further. Again, there is no direct correlation between NOPL values and absolute water content for the 1.9 mm region ( Figure 13 ). Similar to the MOPL parameter, the best correlation is observed for the $1.95 mm absorption using reflectance spectra (Figure 13c) , with data points for the palagonite samples deviating from the general trend.
Effective Single-Particle Absorption Thickness
[51] Hapke's [1993] ESPAT parameter, W, shows promising results for predicting water content using the $2.9 and $3.1 mm bands (Figures 14c and 14d ), but residuals are on the order of 2 wt %, slightly large than those for NOPL (these residuals decrease if best fit lines are not weighted by the uncertainties). Unlike the other band parameters for these absorptions, the ESPAT parameter shows a roughly linear correlation to water content for most of the samples, specifically for the lower water contents. Data points corresponding to higher water contents deviate from this linear trend, similar to what Hapke [1993] observed for the relationship between the ESPAT parameter and aÁd. The varying trends for each sample are more apparent in ESPAT values for the weaker absorptions near 1.9 mm (Figures 14a  and 14b) . Hapke [1993] showed that W was linearly proportional to aÁd over a range that was controlled in part by the value of the scattering coefficient, s (similar to the absorption coefficient, a, but for scattering). This information, and the linear relationship we observe between water content and W, suggests that water content is also linearly proportional to aÁd for certain values, the range of which may also be controlled by, s, an unknown parameter for our samples. The ESPAT parameter shows a strong linear correlation to low water contents at $2.9 mm. It is important to remember, however, that the ESPAT parameter is derived from absolute single-scattering albedo values and will inherit any uncertainties introduced when converting R to w. This parameter therefore is not necessarily an accurate predictor of low water contents for dark materials (low albedo, water bands near saturation) since small differences between low reflectance values can result in large differences in single-scattering albedo. Additional laboratory measurements of low-albedo samples are needed to validate the usefulness of this parameter for water contents >5 wt %.
Summary of Band Parameters
[52] The BD, IBD, IBA, MOPL, and NOPL parameters derived from reflectance spectra increase exponentially with increasing water content for absorptions in the 3 mm region. When spectra are converted to single-scattering albedo the BD, IBD, and IBA parameters increase exponentially and the MOPL and NOPL parameters increase linearly with water content Of these, BD at $2.9 mm (single-scattering albedo; see Figure 8b ), MOPL at $2.9 mm (single-scattering albedo; see Figure 10b ), and NOPL at $2.9 and $3.1 mm (reflectance; see Figures 12a and 12c ) yield the smallest residuals when estimating water content from best fit curves/lines. These parameters exhibit the strongest correlation to absolute water content for H 2 O abundances 10 wt %, the expected range of the Martian surface. Best fit curves/lines calculated using only these data yield residuals with a standard deviation of $1 wt % H 2 O if the magnesium sulfate data are included and a standard deviation of $0.5-0.6 wt % H 2 O if they are ignored (Table 4 and Figure 15 ), suggesting any one of these parameters may be used to estimate water content within approximately ±1 wt % (though some parameters are computationally easier than others). The normalized optical path length parameter has uncertainties of <1 wt % H 2 O for a wide range of water contents and seems to be independent of composition. As with all of the exponential models, the uncertainties are largest for the highest water contents. The correlation between parameter values and albedo is weakest for the NOPL parameter, but is likely a factor when estimating the water content of low-albedo materials. Further laboratory measurements will be made to determine the effects of albedo on this and the other parameters to further minimize these effects.
[53] With perhaps the exception of the MOPL, NOPL, and ESPAT parameters for the $1.95 mm band, the parameters for water absorptions in the 1.9 mm region cannot be used to accurately estimate absolute water content independent of composition. Composition-specific correlations to water content, however, can be derived through laboratory analysis and used in conjunction with parameters from the 3 mm region to provide an independent method of estimating water content for materials of known composition. The $1.91 and $1.95 mm absorptions are much weaker for the palagonite sample than their counterparts in less hydrated samples, resulting in smaller band parameter values for this wavelength region. We believe this results from the lack of crystal structure in the palagonite, thus inhibiting the strength of the bend + stretch overtone absorption, which is dependent on the mineral structure. Though it is tempting to exclude the data for this sample, it tells us that poorly crystalline (short-range order) minerals or materials may not exhibit a strong 1.9 mm hydration band even when significantly hydrated, a crucial point if one is to use this absorption as a proxy for water content. If the ubiquitous Martian dust is compositionally and structurally similar to palagonite, as has been suggested [Allen et al., 1981; Morris et al., 2001; Orenberg and Handy, 1992; Singer, 1982] , it may not be possible to accurately separate such a weak 1.9 mm band from instrumental noise over much of the planet. Furthermore, showed that hydrated clays exhibit weaker absorptions at $1.9 mm under Mars-like pressure and temperature compared to ambient conditions. We believe parameters derived from the fundamental stretching absorptions near 2.9 mm and the overtone of the H 2 O bend near 3.1 mm are the best indicators of water content for all cases, specifically if composition is poorly constrained or unknown.
Conclusions
[54] Near-infrared spectra of five materials of varying composition and crystallinity were acquired in RELAB at Brown University. Samples were measured under multiple hydration states (via dehydration) using purging and heating experiments. Reflectance and single-scattering albedo spectra were used to calculate band depth, integrated band depth, integrated band area, mean optical path length, normalized optical path length, and effective single-particle absorption thickness for water absorptions at $1.91, 1.95, 2.9, and 3.1 mm in order to systematically determine the relationships between strength and shape of water absorptions and absolute water content. The major implications of this study are as follows.
[55] 1. Commonly used parameters such as band depth and mean optical path length are strongly correlated to albedo when derived from reflectance spectra and are not reliable for estimating absolute or relative water content between samples of widely varying albedo, an important consideration for application to planetary surfaces.
[56] 2. Other commonly used parameters such as integrated band depth and integrated band area show distinct trends for individual samples but no trend for the samples as a group, and thus should not be used to estimate water content if composition is heterogeneous or unknown.
[57] 3. None of the parameters calculated for the combination H 2 O stretch plus bend overtone absorptions near 1.9 mm provide a correlation to absolute water content that is independent of composition. Band parameters for these absorptions cannot be uniquely related to water content and are not reliable for estimating H 2 O abundance if composition is unknown, especially when compared to the positive results observed for the 3 mm region. Specifically, the 1.9 mm band is weaker for amorphous materials than wellordered materials of similar water contents. We believe the absence of strong correlations for the 1.9 mm region similar to those seen for the 3 mm region is related to the dependence of these absorptions on the mineral structure. The vibrational energies of the weaker 1.9 mm combination overtone absorptions are more dependent on how water is O data are included and on the order of $0.5 -0.6 wt % H 2 O when they are excluded (see Figure 15) . Figure 15 . Plots of band parameters that show the strongest correlation to absolute water content for H 2 O values 10 wt %, the expected range for Mars. These include (a) band depth at $2.9 mm and (b) mean optical path length at $2.9 mm using single-scattering albedo spectra and normalized optical path length at (c) $2.9 mm and (d) $3.1 mm using reflectance spectra. Best fit curves/lines were recalculated using these data both with (dotted lines) and without (dashed lines) data points for the reagent-grade MgSO 4 . Standard deviations of the residuals from these fits are on the order of $1 and $0.5 wt % H 2 O, respectively. Arrows indicate residuals that lie outside of the axes (see Table 4 for coefficients of best fit curves/lines). held in the mineral structure, whereas the stronger 3 mm fundamental absorptions are less restricted by mineral structure.
[58] 4. Relatively strong and broad absorptions are still present over much of the 3 mm region in samples containing OH À and H 2 O even when all H 2 O has been removed. Although readsoprtion of minor amounts of H 2 O cannot be excluded, this suggests hydroxyls, in addition to H 2 O molecules, are capable of producing significant absorptions from $2.7-3.5 mm, an important consideration for interpreting weak features observed in certain asteroids and meteorites over this wavelength region.
[59] 5. Of the parameters examined here, the normalized optical path length (NOPL) calculated at $2.9 and 3.1 mm from reflectance spectra and the mean optical path length (MOPL) calculated at $3.1 mm from single-scattering albedo spectra yield the best estimates of absolute water content (smallest uncertainties, commonly <1 wt %) when all data points are used. We prefer the NOPL parameter to MOPL because it does not require converting reflectance spectra to single-scattering albedo (which requires inputs of incidence and emergence angle and may add uncertainties for satellite data) and only requires fitting the maximum absorption point in the 3 mm region, regardless of the composition.
[60] 6. For all data points corresponding to water contents 10 wt %, the NOPL parameter (derived from reflectance spectra) provides the best estimates of absolute water content. If the MgSO 4 data points are considered outliers and excluded from the fit, however, the MOPL parameter at $2.9 mm (w spectra) and the BD parameter at $2.9 mm (w spectra) also yield low standard deviations ($0.57 wt % H 2 O). Again, the NOPL parameter has the advantage of not requiring conversion from reflectance to single-scattering albedo, but the other two parameters are equally justified if the user is able to accurately convert spectra to singlescattering albedo.
[61] These results build on previous work relating water absorptions in visible-near-infrared reflectance spectra to water content, providing tighter constraints on estimates of water abundance for determining surface hydration (and tracking seasonal variability) of Mars using OMEGA and CRISM data. Our future laboratory work will focus on quantifying the effects of grain size, mixtures, and low-albedo materials on these parameters in order to further reduce the uncertainties. The methods we present here are general, not instrument-specific, and may be applied equally to laboratory measurements of terrestrial and planetary materials as well as telescopic spectra and high spectral resolution spacecraft data of planetary surfaces.
